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SUMMARY

This study presents a multi-method characterization of a commercial
1.2 Ah 18650 sodium-ion battery cell. Many characterization
methods used for lithium-ion batteries can be applied to sodium-
ion-based cells. Analytical methods, such as ICP-OES and EDX mea-
surements, are in good agreement with the XRD experiment and
show high shares of Fe and Mn within the Mn=Fe=Ni-based layered
oxide cathode. This enables a low-cost sodium-ion battery. Mercury
porosimetry reveals high porosities. Electrical characterization
highlights the high-power capabilities of this cell as well as an
acceptable transferability of diagnostic algorithms. Despite higher
charging currents having no detrimental effect on capacity reten-
tion, excessive electrolyte decomposition triggers the cell’s current
interrupt device, preventing a profound lifetime analysis. This
early commercial sodium-ion cell is a low-cost solution for high-
power applications. Overall, the characterization of a commercial
1.2 Ah 18650 sodium-ion battery cell benefits from the established
methods for characterization of lithium-ion battery.

INTRODUCTION

From storing energy from intermittent renewable sources to powering mobile appli-

cations, lithium-ion batteries are found in many energy storage applications. Howev-

er, lithium and other materials used in lithium-ion batteries such as nickel and cobalt

are limited.1 It has been argued that, even when considering battery recycling, there

are insufficient resources to meet the demand, especially considering cobalt.1 So-

dium-ion batteries might offer a solution for this issue due to the use of less scarce

materials, and the abundance of sodium.2 Following numerous publications and sci-

entific interest in recent years, the first sodium-ion batteries are now being intro-

duced to the market. Natron energy already offers battery packs for uninterruptable

power supply and peak shaving applications based on Prussian blue anode and cath-

ode.3 Other companies including startups and large battery manufacturers also

announced their products to enter the market in the near future or took steps to pre-

pare for wider market penetration.4–6

Sodium-ion batteries are a drop-in technology for lithium-ion batteries, requiring

similar production processes and machines as their lithium-based counterparts.7

This also applies tomanymethods used to analyze and characterize these batteries.8
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However, to the best of our knowledge, no report on the post mortem analysis, char-

acterization, and cyclic aging of commercially available sodium-ion batteries has

been published so far. This hinders the adoption of sodium-ion batteries asmany pa-

rameters that are crucial for applications such as achievable lifetime, capacity fade

trajectories, and the tolerable temperature window are unknown. In this study, we

apply various methods used for characterization of lithium-ion batteries to analyze

one of the first commercially available sodium-ion batteries. We investigate whether

new challenges for characterization and analysis arise compared with commercially

available lithium-ion batteries. We also investigate the thermal stability of this cell.

Our analysis allows for a systematic comparison between sodium-ion batteries

(SIBs) and lithium-ion batteries (LIBs).

RESULTS

Experimental

The first sections focus on destructive postmortem analysis of a 1.2 Ah 18650 cell as

described below. An overview of the cell is given based on a teardown and manufac-

turer information. Subsequently the active material is investigated by half-cell mea-

surements, followed by the characterization of the electrolyte using gas chromatog-

raphy-mass spectrometry (GC-MS) and inductively coupled plasma-optical emission

spectrometry (ICP-OES). The active material is further analyzed by Hg-porosimetry,

powder X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-disper-

sive X-ray spectroscopy (EDX), and ICP-OES. These insights are complemented by

electrical characterization with electrochemical impedance spectroscopy (EIS),

C-rate, and float current tests. Successive cyclic aging is investigated by non-

destructive methods such as micro-CT as well as ultrasonic measurements of the

aged cells.

Investigated cell

The cell investigated in this study is a 1.2 Ah 18650 cell made by Shenzhen Mushang

Electronics. Based on the cell specification of the manufacturer and postmortem

analysis, a broad overview of the cell is given in Table 1.

To compare the cell’s specification with existing LIB, the ENPOLITE-plot developed

by Dechent et al.9 is used. It provides a comprehensive classification of service life,

considering the cell’s performance in terms of energy and power density.9 In light of

the cell’s high specific power density (810W kg�1), its moderate specific energy den-

sity (97 Wh kg�1), and its service life at high C-rates (refer to section cyclic aging), this

SIB effectively bridges a gap that other cell types, as stated by ENPOLITE, are unable

to fill. Thus, this SIB cell is a promising candidate for high-power applications.

We opened the cell at its discharge voltage of 1.5 V (60 mA constant current [CC]-

constant voltage [CV] discharge down to 1.5 V until I < 1 mA) under an inert argon

atmosphere in a glovebox (glovebox-type MBRAUN LABstar, O2 concentration <

0.5 ppm, H2O concentration < 0.5 ppm). Geometric parameters were measured

and samples harvested for further analysis, following the established protocols for

lithium-ion batteries published elsewhere.10,11

The jelly roll (z26 g, dry) inside the casing ðz7:4 gÞ consists of one double-coated

cathode, a separator, one double-coated anode, and a second separator. The

displacement of the cathode, anode, and separator at the outer end of the jelly

roll was measured prior to unwinding. Figure S1A schematically depicts the

measured displacement. With 704 mm in length the cathode is shorter compared

with the 769 mm long anode. The cathode has a width of 57.5 mm and is narrower
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compared with the anode with 59 mm in width. The geometric overhang, based on

the difference of the coated areas of anode (857.86 cm2) and cathode (798.10 cm2)

amounts to 59.76 mm2 or roughly 7% of anode area. The thicknesses of the anode

and cathode, based on SEM cross-sections as shown in Figures S1B and S1C, are

160 and 128 mm, respectively. The anode features a copper current collector

(6 mm thick). The aluminum current collector on the cathode has a thickness of

17 mm. Thus, the coating thicknesses of the anode and cathode are 76–78 mm and

55–56 mm, respectively.

After separating the cell components the electrolyte solvent evaporates. This en-

ables an estimation of a lower boundary of expected solvent mass in the cell. The

difference of the mass of all components of the cell after separation and drying,

and the mass of the full cell, is 3.4 g.

Electrolyte

Electrolyte extraction is a challenge in lithium-ion battery research. Different

methods can be found in the literature (e.g., extraction with supercritical CO2,
12

extraction with a centrifuge13). We investigate the use of a centrifuge to extract the

electrolyte from sodium-ion batteries for characterization and coin-cell assembly.

First, the cell was discharged to its discharge voltage of 1.5 V (600 mA CC-CV

discharge down to 1.5 V until I < 1 mA). Then the cap of the 18650 cell, consisting

of the positive terminal as well as the current interrupt device (CID), was removed

Table 1. Cell specification according to the manufacturer and post mortem analysis

Cell specification

Nominal capacity 1.2 Ah

Nominal voltage 3.0 V

Unit price 1.1 USD/pcs (0.31 USD/Wh)

Cell dimension (B 3 H) 18 3 65 mm

Approx. weight 37 g y 97.30 Wh kg�1

Internal resistance %25 mU (1 kHz at 50% SoC)

Voltage limits 1.5–3.8 V

charge 0.6 A (0.5C) at 0�C–10�C

charge 1.2 A (1C) at 10�C–20�C

Continuous current limits charge 3.6 A (3C) at 15�C–25�C

charge 6.0 A (5C) at 20�C–45�C

discharge 9.6 A (8C) at 10�C–50�C

Post mortem analysis

Separator

Material polymer without coating

Thickness 15 mm

Porosity 40.6% (Hg-intrusion)

electrolyte

Material DMC:EMC:EC:PC:EP

Solvent mass 3.4 g

Positive electrode Negative electrode

Active material layered oxide (NaMO2) hard carbon (HC)

Porosity 29.9 % (Hg-intrusion) 31.4% (Hg-intrusion)

Coating weight 31.61 mg cm�2 16.02 mg cm�2

Coating area 798.1 cm2 857.86 cm2

Number of sheets 1 (double coated) 1 (double coated)

Dimension (L 3 W 3 T ) 704 3 57.5 3 0.111 mm
(double coated)

769 3 59 3 0.154 mm
(double coated)

Thickness of current collector 17 mm (aluminum) 6 mm (copper)
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under an inert argon atmosphere in a glovebox (glovebox-type MBRAUN LABstar,

O2 concentration < 0.5 ppm, H2O concentration < 0.5 ppm). Afterward, the capless

cell was placed in a 3D-printed cell holder (including a 1.5 mL autosampler vial for

the extracted electrolyte). This assembly was then inserted to a conical centrifuge

tube. The conical centrifuge tube is airtight after closing its screw cap. The used

centrifuge is a Sigma 3-18KS. The centrifugation process starts at 4,000 rpm and

ends after several stepwise increases to 10,000 rpm. The autosampler vial in the

cell holder was changed under argon atmosphere between two rotation steps.

The centrifuged electrolyte was then diluted with dichloromethane (1:100) and after-

ward analyzed using a GC-MS system (Clarus 680, PerkinElmer). Further information

about the used GC-MS analysis can be found in Weber et al.14

The centrifuge extracted around 3.0 g of colorless electrolyte from one cell after 6 h.

This is less than the lower boundary calculated in investigated cell. Thus, not all of

the electrolyte is extracted, which is also the case with lithium-ion batteries.13 The

GC-MS enables the identification of components of this sample. Figure S2 shows

the chromatogram with the detected organic solvents of the electrolyte: dimethyl

carbonate (DMC), ethyl-methyl carbonate (EMC), ethyl propionate (EP), ethylene

carbonate (EC), and propylene carbonate (PC). Mixtures of DMC, EMC, PC, and

EC are very well investigated for SIBs in the literature.15–18 On the other hand EP

is not as widely used as the other four solvents. Nambu et al.19 investigated the

use of EP and monofluorinated EP as solvents in lithium secondary batteries.

Possible advantages are high relative permittivity and low viscosity in comparison

with DMC and EMC resulting in the possibility of lower internal resistance. With a

similar intention EP was used as an additive with different concentrations in a 1 M

LiPF6:EC:DEC electrolyte system in a LiCoO2=graphite full cell by Kufian et al.20

Three 200 mL samples of the extracted electrolyte were analyzed via ICP-OES. The

process is explained in inductively coupled plasma-optical emission spectrometry.

The average measured concentration of Na in the extracted electrolyte is 1.42 mol

L�1. The measured concentration of phosphorus is 1.83 mol L�1. This is substantially

higher compared with the sodium concentration. This could indicate a phosphorus-

containing additive and NaPF6 as conductive salt, or soluble phosphorus species in

the electrolyte as by-products of the solid electrolyte interphase (SEI)-forming

reactions.

In conclusion, electrolyte investigation processes developed for LIBs can also be

applied to SIBs. We were able to extract sufficient electrolyte for qualitative charac-

terization and coin-cell building. The results of the characterization show a chemi-

cally similar composition as in LIBs of cyclic and linear carbonates. Thus, processes

developed for electrolyte analysis in LIBs are also applicable for SIBs.

qOCV-fitting

By fitting the potential curves of anode and cathode to the full cell we gain insights

into aging modes, such as loss of lithium inventory, or active material degradation,

and design choices of the cell manufacturer such as the n/p ratio.21 Thus, the calcu-

lation of this balancing can be a very valuable tool. To test the transferability of this

method to SIBs we applied the algorithm described by Li et al.22 to the investigated

SIB. The aim was to determine the balancing of the SIB by reconstructing the full cell

open-circuit voltage (OCV) from the half-cell OCVs.

A C/20 (60 mA) quasi OCV (qOCV) of the full cell was used as reference data for the

fitting process. The qOCV was measured with a Neware BTS-4000 Series 5V6A
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battery tester, by applying a CC without any CV phase within the cell’s standard

operating voltage window, as stated in Table 1.

We used coin cells (type CR2032) with sodium vs. hard carbon or cathode material,

respectively, to get qOCVs for both anode and cathode as input for the fitting pro-

cess. The material was harvested from a disassembled cell, while the sodium chip

(15.6 mm) was purchased from AOT Battery. The coating of the harvested material

was mechanically removed on one side to avoid any unwanted influence of the back-

side.23 A Whatman GF/C separator with a diameter of 17 mm was used. We used

90 mL of electrolyte in all coin cells. This results in a somewhat larger distance be-

tween the two electrodes in the coin cell. Assuming similar porosity compared

with the polymer separator of the cylindrical cell, we calculated the additional resis-

tance due to the increased thickness to be in the range of a few mU.

Regarding the electrolyte, we used the extracted electrolyte but also prepared cells

with a mixture of EC and PC (1:1) with 1:2 M NaPF6 (E-Lyte Innovations, Münster,

Germany) as this mixture was reported as a good candidate for sodium ion batte-

ries.15 The coin cells were assembled in an argon-filled glovebox. For further infor-

mation the process is described in more detail in Ecker et al.11

The coin cells underwent five CC cycles (Neware BTS-4008-5V10mA) with a current

of C/50 (60 mA) without any rest phases between charge and discharge. The current

was calculated based on the nominal capacity of the full cell multiplied by the area

ratio of the coin cell with respect to the full cell. This results in an expected coin cell

capacity of 3 mAh. The voltage limits for the anode and cathode are set to 1.5–0.01 V

and to 3.9–2.2 V, respectively. All coin cells with the extracted electrolyte showed

multiple voltage drops during cycling. The voltage and current data for these coin

cell cycles can be found in the appendix (cf. Figure S3). A possible reason for these

voltage drops could be an unwanted contact with atmosphere during the transport

of the extracted electrolyte. Since the coin cells with the extracted electrolyte did not

work as expected, the following results are based on the coin cells with 1:2 M NaPF6
in EC and PC (1:1). The capacities measured with these cells were 3.20 and 3.49 mAh

for the anode and cathode coin cells, respectively. This is higher compared with the

3 mAh calculated from the full cell. This result is expected as a surplus of sodium al-

lows for the compensation of losses incurred during formation. Furthermore, the

voltage window utilized in the full cell might be lower compared with the cycling

of the half-cells. Anode coin cells cycled with a current of C/20 (150 mA) only showed

a capacity of around 1:8 mAh, indicating large overvoltages (voltage difference be-

tween discharge and charge of around 97 mV).

Figure 1 shows the sodification (SO), de-sodification (DSO) qOCV vs. Na= Na+, and

the differential voltage of the SO/DSO of the anode and cathode. The anode shows

a very flat voltage curve from 40% to 100% in comparison with 0%–40% state of

charge (SoC). The differential voltage has a characteristic feature at around 10%

and 25% SoC. This behavior can be found in the literature for the sodification of

hard carbon.24 The qOCV of the cathode exhibits two regions with different slopes

resulting in two plateaus in the differential voltage analysis (DVA).

Due to the large observed overvoltages of the coin cells, the half-cell voltage curves

were corrected prior to the fitting process by adding or subtracting half of the

voltage difference between charge and discharge at 100% SoC for SO and DSO,

respectively. For the hard carbon coin cells this voltage is 22.15 mV and for the

layered oxide it is 22.5 mV. This suggests a resistance in the range of over 300 U.
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A

D

C

B

Figure 1. qOCV-fitting of full cell

(A) Anode half cell vs. Na=Na+ SO and DSO qOCV (C/50) and differential voltage.

(B) Cathode half cell vs. Na=Na+ DSO and SO qOCV (C/50) and differential voltage.

(C) Measured full cell CH qOCV (C/20); simulated full cell CH qOCV based on fitted anode SO and cathode DSO qOCV.

(D)Measured full cell DCH qOCV (C/20); simulated full cell DCH qOCVbased on fitted anodeDSOand cathode SOqOCV. The corrected half-cell voltage curves are

only shown in (C and D). Anode and cathode SoC from 0 to 1 is the amount of charge normalized to the capacity during SO and DSO, respectively.
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As the different separator only increases the resistance in the range of mU, we attri-

bute this resistance to a resistive surface layer on the sodium-metal counter elec-

trode. This is in line with the findings in Bommier et al.,25 where a strong influence

of the sodium counter electrode on the overvoltage was confirmed.

In Figure 1C, the anode SO and cathode DSO qOCVs, the fitted cell balancing charge

(CH) qOCV, and the measured CH qOCV of the full cell are shown. The fitting of the

half-cell curves is based on the Cuckoo search optimization algorithm, which has been

used before for cell balancing.22,26 The root mean-square voltage error of this fitting is

6.81 mV. Complementary to this, Figure 1D shows the anode DSO and cathode SO

qOCVs, the fitted cell balancing discharge (DCH) qOCV, and the measured DCH

qOCV of the full cell. Here the root mean-square voltage error is 12.4 mV. The fitted

anode and cathode SoC parameters show a significant difference at the low voltage

end of the anode and cathode half cells. Due to the flat area of the anode voltage, the

fitting of a hard carbon anode in SIBs is more difficult than fitting of a graphite anode

in LIBs, which provides multiple features due to phase transitions.27 For the fit to the

charging curve presented in Figure 1D, the results show that, at the lower end of the

SOC axis sodium would still remain in the hard carbon anode. Furthermore, even with

a fully sodiated cathode some sodiumwould remain in the anode. This is not supported

by the discharging curves, which are limited by the fully desodiated hard carbon anode,

as expected. The conflicting results show that further efforts are required to achieve reli-

able results for the balancing based on half-cell qOCV curves. The results might also be

disturbed due to the high overvoltages observed in the half-cells. Thus, reducing this

overvoltage by adapting the electrolyte could provide a possible solution.

Porosity

Mercury porosimetry allows to analyze the porous structure of anode, cathode, and

separator.11,28 The low-pressure module Pascal 140 (Thermo Fisher Scientific) was

used in combinationwith the high-pressuremodule Pascal 440 (Thermo Fisher Scientific)

with a maximum pressure of 4,000 bar. The sample size for the double-sided coated

anode and cathode was around 44 3 90 mm. The calculation of the results is based

on the software SOLID and methods from literature.10 In Figure 2A, the porosity and

the normalized distribution of the pore radii are shown. The pore size distribution of

the separator has its maximum at around 87.5 nm. The separator has a porosity of

around 40.6%. The anode shows the biggest pore maximum at around 687 nm with a

porosity of around 31.4%, similar to the cathode porosity of around 29.9%. The cathode

pore distribution has two peaks. The bigger and more frequent pore diameter is at

around 468 nm and the smaller one is at around 84.5 nm. The particle size distribution

in Figure 2B is calculated similarly to the pore size distribution in Figure 2A, which results

in a similar shape. The most frequent particle diameter of the anode is at around

3630 nm. The cathode peaks can be found at around 493 and 2,680 nm.

In comparison, Schmalstieg et al.10 characterized the porous structures of a high-power

LiNi1=3Mn1=3Co1=3O2=graphite cell with the same method. The anode shows nearly the

same porosity (31.4%) and around 250% higher particle radius 6,300 nm. The cathode

porosity, on the other hand, is 9% lower (20.9%), while the most frequent particle radius

is around 60% higher at 2,130 nm. The difference in the separator porosity (40.6%) is

negligible.

InBai et al.,29 hardcarbon for SIBscarbonizedatdifferent temperatureswas investigated.

The best performing variant showed themost frequent particle size at around 8,000 nm.

Similar values for theaverageparticle sizeofmultiplehardcarbonvariants canbe found in

Yang et al.30 These sizes are substantially larger than the ones we identified in this cell.
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ICP-OES

ICP-OES enables the identification of the composition of the anode and cathode. It

is widely used in lithium-ion battery research.10,31,32

The used ICP-OESmeasuringdevice is a ThermoScientific iCAPPRO. Thismethod is not

able to detect the elements C, O, and F. Via ICP-OES the composition of the anode and

the cathode was measured. Three double-coated samples of each electrode were

punched with a diameter of 20 mm. Without rinsing, samples were dissolved in 12 mL

of aqua regia ð3 HCl : 1 HNO3Þ on a hot plate set to 170�C for about 10–15 min. After-

ward the solutionwasfilteredand thendiluted to100mLwithde-ionizedwater. The aver-

aged results of eachelectrode in Table S1 arediscussed in the following section ESMand
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Figure 2. Porosity and particle radii of the electrodes

(A) Porosity (dashed) and the normalized distribution of the pore radii (solid) of the anode, the

cathode, and the separator.

(B) Normalized distribution of the particle radii of the anode and the cathode.
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EDX. As the samples presented in Table S1 were not rinsed, conductive salt, which re-

mains on the particle, will result in additional sodium. This is detected in the ICP-OES

measurement but is not part of the active material, or any SEI layer.

SEM and EDX

SEM and EDX measurements are widely used in lithium-ion battery research to identify

morphology changes, particle cracking, or elemental composition of electrode sur-

faces.33–35 Lithium is only measurable with special EDX detectors because of its low

X-ray transition energy (Ka at 54.3 eV36). Sodium, on the other hand, has an X-ray

transition energy of about 1,041 eV36 and is, therefore, measurable with most standard

detectors. This facilitates EDX measurements compared with lithium-ion batteries since

sodium-containing deposits can be detected and visualized.

Here, backscattered electron and secondary electron imaging on the electrode

cross-sections were performed in a Zeiss GeminiSEM 300 (Zeiss, Germany). The mi-

croscope is equipped with an UltimMax65 EDX detector (Oxford Instruments), which

was used for EDX measurements. The accelerating voltage was 15 kV for these

measurements.

Figures 3C and 3D show the surface of the anode at two different magnifications,

while Figures 3G and 3H present the cathode surface at the same scales.

To complement these measurements, we used a Keyence VK-X1100 confocal laser

scanning microscope inside a glovebox. This allows 3D surface imaging of the active

materials, as displayed in Figures 3A and 3B and Figures 3E and 3F for the anode and

cathode, respectively. The magnification for the laser microscope images is in the

same range as the one used for the low-magnification SEM images (Figures 3C

and 3G), enabling a direct comparison.

The anode surface reveals single particles, whereas the cathode surface exhibits

poly-crystalline structures in both SEM and laser microscope images. The single-par-

ticle structure of the anode and poly-crystalline structure of the cathode identified by

these imaging methods support the results of porosimetry: one particle size for the

anode and two sizes for the cathode. The particle size distribution measured by mer-

cury porosimetry is supported by the high-resolution images (Figures 3D and 3H).

The particle sizes measured with the SEM are in the same order of magnitude as

the results of porosimetry. Furthermore, the presence of additional components,

such as carbon black, is observable in the high-resolution images.

The EDXmeasurements were conducted on the electrode cross-sections (Figure S1).

The mass fractions for ICP-OES analysis were calculated based on the mass of the

coating material. The mass of the coating material is the mass of the punched out elec-

trode without the mass of the current collectors. Since the samples were not rinsed, the

mass of coating material and thus the following results contain residual conducting salt.

Sodium, fluorine, phosphorus, and sulfur were detected on both the anode and the

cathode using EDX. Furthermore, localized surface depositions consisting of so-

dium, fluorine, and phosphor were detected in the EDX analysis. This suggests

the presence of NaPF6 as conducting salt. Possible sources of sulfur are additives

in the electrolyte analogous to LIBs such as 1,3,2-dioxathiolane-2,2-dioxide,

propane-1,3-sultone, ethylene sulfite, sulfopropionic acid anhydride, or prop-1-

ene-1,3-sultone37–39 or maybe an electrolyte salt blend with, e.g., NaTFSI.40,41
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The elements with the highest proportion based on weight in the cathode are so-

dium, manganese, iron, nickel (for EDX and ICP-OES measurements), and oxygen

(not detectable in ICP-OES). Since manganese, iron, and nickel are present in almost

equal proportions for ICP-OES and EDX, a Mn=Fe=Ni 1:1:1 ratio is assumed. After

converting the results from weight percent to atomic percent and normalizing the
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Figure 3. SEM images of the electrodes

Comparison of confocal laser scanning microscopy (anode A and B, cathode E and F) with scanning

electron microscopy (anode C and D, cathode G and H). The anode surface reveals single particles,

whereas the cathode surface exhibits poly-crystalline structures. Scale bars are 10 mm (A–C and

E–G) and 1 mm (D and H).
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values to the stoichiometry of Na, the cathode structure is NaMnXFeYNiZO2 with X =

Y = Z. Normalizing the values to the stochiometry of Na leads to an X of 0.35 and

0.40 for the ICP-OES and EDX, respectively. Since the EDX measurement is focused

on an SEM cross-section (shown in Figure S1C), and the samples for the ICP-OES

measurements were not rinsed, the difference in X between ICP-OES and EDX

can be explained by residual conducting salt within the ICP-OES sample.

Powder XRD

To compare the crystal structure of the cathode material in SIB with those used in

commercially available LIBs, the crystal structure was studied by XRD. As the cath-

ode cannot be prepared as a single crystal, XRD was used to determine the crystal

structure and occupancy of the examined material.42 The powder sample was first

ground and then filled in a capillary to avoid contact with air during measurement.

Then the closed capillary was measured on an STOE Stadi-P with copper radiation

ðl = 1:54�AÞ for 8 h at 300 K. The measurement was controlled with the WinXPow

software.43 The yielded diffractogram was analyzed and refined with the FullProf

Suite software44 with the least-squares method. As a profile description, a

pseudo-Voigt profile function was used.

EDX and ICP-OES measurements show that sodium, manganese, iron, and nickel

are the metals present in the sample. Furthermore, it is expected that the cathode

material is a layered structure of alternating metal and oxygen layers, since this

structure is necessary to ensure its functionality. There are two possible com-

pounds with different occupations of the manganese/iron/nickel position reported

in the literature.45,46 With both occupancies, a Rietveld refinement was performed,

showing that the occupancy from Mao et al.45 fits better as a starting point. Sub-

sequently, the occupancy of the Mn=Fe=Ni position was changed to a ratio of

1:1:1, so 33.3%, respectively, because the ICP-OES analysis shows that the transi-

tion metals should occur in equal proportions of about 1=3. The refinement is

shown in Figure 4, and the corresponding data of the refinement can be found

in Table S2.

The structure crystallizes in the trigonal space group R/3mH (no. 166) with the lattice

parameters a = b = 2:9639ð9Þ�A, c = 16:1093ð8Þ�A, V = 122:55ð8Þ�A, and Z = 3.

Here, in the direction of the c axis, layers occur in A, B, A, C order, where A =

oxygen, B = Mn=Fe=Ni, and C = Na. The refinement of the occupancy of the Mn/

Fe/Ni position was not possible, while the refinement of the sodium position shows

a full occupation. Although the fitting of the structure model fits quite well with the

measured data, not all intensities could be perfectly adjusted. A temperature de-

pendency and preferred orientation can be excluded. Nevertheless, the matching

reflection positions show that the correct space group and the matching lattice pa-

rameters were found with high certainty. To refine the occupancy of the atom posi-

tion reasonably, single-crystal XRD has to be carried out. At angles, 2q= 24+ and 43�,
two small reflexes can be found. These cannot be assigned to any known substance

in the literature. There are two possibilities where these reflexes originate: on the

one hand, additional reflections can be caused by symmetry descent due to, e.g.,

vacancies, or on the other hand, there could be another unknown crystalline sub-

stance in the sample. Both must be checked in the future by further analysis, for

example, IR spectroscopy. XRD confirmed that the cathode consists of a layered ox-

ide material, which has mixed occupancy at the transition metal position, similar to

transition metal oxides in LIBs such as nickel-manganic-cobalt (NMC).47
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Electrical characterization

Accurately characterizing the electrical properties is crucial for evaluating the energy

and performance capabilities of lithium-ion cells.48 Furthermore, conducting a thor-

ough analysis of electrical properties, such as open-circuit voltage and power char-

acteristics, is essential for developing diagnostic algorithms that enable effective

monitoring and assessment of cell health and functionality. It also aids in parameter

identification of equivalent circuit models.48,49 In this section, we analyze the voltage

and extractable capacity under various current rates with the aim of examining chal-

lenges associated with transferring diagnostic methods from LIBs to SIBs. Additional

electrical characterizations, such as EIS and float current measurements, are dis-

cussed in the following sections.

We conducted a comprehensive characterization of three sodium-ion cells in a

controlled climate chamber at an ambient temperature of 25�C using a battery tester,

allowing us to obtain an initial assessment of the cell’s electrical behavior. First, we car-

ried out a series of capacity tests at various C-rates, ranging from C/20 to 5C. We

charged the cells according to the CC-CV charge protocol in the voltage window 1.5–

3.8 V, where the criterion for terminating the CV charge was a current below 24 mA of

the nominal capacity or a timeout of 60 min. The discharge process was terminated

when the discharge cutoff voltage was reached. We repeated the discharge and charge

process for every current rate with a 60 min break between charge and discharge,

thereby minimizing the impact of current history. Following the tests, we performed a
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Figure 4. Cathode’s Rietveld refinement

Rietveld refinement of the measured cathode material with measured data in red, fitted pattern in

black, Bragg positions in green, and difference curve in blue.
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qOCV measurement at C/20 in the voltage window of 1.5–3.8 V, utilizing the CC-CV

method during both the charge and discharge processes. The measurement results

are presented in Figure 5. Figure 5A illustrates the qOCV curve of a single cell during

both the charging and discharging processes. The curve exhibits a voltage plateau at

approximately 0.7 Ah, while the rest of the curve displays a steep slope. The steepness

of the qOCV curve enables the application of conventional diagnostic methods that rely

onmapping the OCV to the SoC, an essential advantage over LFP/C cells, which show a

flatOCVwith comparably large hysteresis.50 The hysteresis of the sodium-ion cell is illus-

trated in red as the disparity between the charge and discharge voltage curves.50 It can

be observed that, up to 0.6 Ah of extracted charge, the hysteresis is relatively small and

constant. However, in the lower voltage range, the hysteresis becomes more pro-

nounced. Figure 5B presents the DVA for the qOCV during both discharge and charge

processes, as well as during a 5C discharge. For the analysis of the differential voltage,

we used a smoothing spline in the MATLAB environment (i.e., spaps). Notably, due to

the utilization of hard carbon anodes in this SIB, the DVA exhibits less significant varia-

tions compared with established LIBs.51 Interestingly, during charge and discharge, the

DVA shows minimal differences in the 0–0.7 Ah range. Furthermore, even during a 5C

discharge, the measured voltage curve maintains a similar slope compared with the

low-current qOCV, offering advantages for diagnostic algorithm application. This char-

acteristic allows the determination of the SoC based on the voltage curve, even without

fully relaxing the cell, as the slope for lower charge remains unchanged even at higher

currents. Figure 5C depicts the voltage curves during constant current discharge at

various C-rates, ranging from C/20 (60 mA) to 5C (6 A). Lastly, Figure 5D shows the cor-

responding capacities for the different C-rates. At an ambient temperature of 25�Cand a

constant current discharge rate of 5C, our tests show that we can extract approximately
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Figure 5. Electrical properties of one cell at an environmental temperature of 25�C
(A) Quasi open-circuit charge and discharge curve. Hysteresis of the cell as the difference between

the charge and discharge qOCV curves.

(B) Differential voltage analysis (DVA) for discharge and charge processes as well as for a 5C

discharge.

(C) Discharge voltage curves for varying current rates.

(D) Capacity determination for varying current rates.
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98.12% of the 1C constant current discharge capacity. This achievement is comparable

with other high-power cells such as the LMO/LTO cells tested byNemeth et al.,52 where

98.93% of the 1C capacity can be extracted at 5C. Furthermore, our results compare

favorably with the high-power NMC/LTO cells examined by Bank et al.,53 which exhibit

94.89% of the 1C capacity extractable at 5C under the same ambient temperature con-

ditions. Upon initial electrical examination of three sodium-ion cells, it is evident that the

steep OCV(SoC) curve provides favorable conditions for the transfer of diagnostic algo-

rithms from established materials to this sodium-ion cell type. However, the presence of

hysteresis in the low SoC range will present a challenge when estimating the remaining

energy.54Our results show that the sodium-ion cells’ robust current capabilitymakes the

cells well suited for high-power applications since the current capability is comparable

with those of established high-power lithium-ion battery cells.

Electrochmical impedance spectroscopy

Changes of LIBs, e.g., in SoC, state of health (SoH), or temperature correlate with

their impedance,55 which can be measured using EIS.

Here, we performed two different sets of measurements on SIBs: initial multisine-EIS

measurements of 211 cells (which can be used for quality control), and impedance

spectra of 3 cells over 21 equidistant SoCs referred to as characterization impedance

spectra in this section. Further measurements of weight, voltage, and 1 kHz imped-

ance of 211 cells complement these results.

Initial multisine-EIS was measured using an ExaMight (Safion GmbH) between 1 and

10,000 Hz. The cells were kept at 21�C for 24 h prior to the measurements and

measured as delivered without any prior charge or discharge. The standard devia-

tion of the temperature during the measurements was 0.16 K. The characterization

spectra were recorded at 21 equidistant SoCs, starting with the highest SoC after

a constant current followed by constant voltage (CCCV) charge with 0.5 An until

3.8 V and a cut-off current of the CV phase of 24 mA at 25�C.

Analyzing the complementary measurements, the weight, and the 1 kHz impedance

did not show a significant difference. However, the initial voltage of the cells at de-

livery differed. Initial multisine-EIS, reveals a correlation between these impedance

spectra and the initial voltage, shown in Figure 6A. On closer inspection, there is still

a minor difference between impedance spectra for the same initial voltages. Aging

tests to be performed will show whether the additional difference in the impedance

measurement correlates with the aging behavior.

The galvanostatic characterization impedance spectra were recorded for three cells

at 21 equidistant SoCs for the range of 10 mHz to 6 kHz. Each logarithmic decade

encompassed eight measured frequencies, with each frequency undergoing a set

of three measurements. The current amplitude was controlled to achieve a voltage

response of 10 mV while staying below 2 A.

Figure 6B presents the resulting Nyquist diagrams. In the lower SoCs, the imped-

ance increases significantly. With higher SoCs, the impedance change over the

SoC decreases. This change of the impedance over SoC is similar to an 18650 LIB

battery with an NMC cathode as analyzed in Shafiei Sabet et al.56

The EIS measurements indicate that EIS is also applicable to SIBs. Moreover, the

measurement results are similar to LIB results. Thus, similar elements can be used

for equivalent circuit models of SIB.
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Float current measurements

The float current is defined as the steady-state current required to maintain the cell

under potentiostatic conditions after an initial transient process, also known as self-

discharge current.57 Although the float current can generally be divided into a

reversible and an irreversible (capacity loss) component,58 in the case of nickel-co-

balt-aluminum/graphite LIBs, the latter dominates, enabling fast prediction of calen-

daric aging and extraction of activation energies using the Arrhenius law.57 This sec-

tion extends the methodology to SIBs.

In this investigation, four pristine cells were exposed to controlled temperature

variations using a laboratory heating oven. The temperature was incrementally

raised from 25�C to 55�C in steps of 10 K, and each temperature was maintained

for a duration of 48 h. To measure the float current, custom hardware (details of

which will be provided in forthcoming publications) was utilized. The float current

was measured at the cells’ as-delivered voltages, specifically 3.007, 3.014, 3.005,

and 2.451 V, respectively. It should be noted that the precise voltage values

were not provided explicitly, but rather extracted directly from the connected

cell itself. The cell floated at 2.451 V has already lost more than 0.5 V relative to

the other cells, indicating a relatively high self-discharge current, presumably

due to an internal defect.

Raw measurement data for the first cell are depicted in Figure 7, while the com-

plete set of raw measurement data for all cells can be found in Figure S4. It should

be noted that the raw measurement data are significantly affected by noise inter-

ference. Therefore, for the subsequent Arrhenius analysis, only the averaged

steady-state float current values were taken into consideration. Regarding the

averaging process, float current spikes reaching up to 3 mA, which occurred at

A

B

Figure 6. Electrochemical impedance spectroscopy of sodium-ion batteries

(A) Quality assurance measurement of 211 cells.

(B) Initial characterization of 3 cells atz25+Cmeasured after a CCCV charge at 21 equidistant SoCs

starting with the highest SoC. The enlarged view has a width of 1.5 mU.
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each temperature step, were assumed to have decayed within 3–5 h. In addition,

the gradual increase in float current, observed after approximately 230 h of oper-

ation, was disregarded. This increase was observed in both the first and third

cells. Even after cooling the cells to room temperature, the float current remained

at approximately 400 mA, giving an approximately 400-fold increase relative to its

initial float current. The average steady-state float current exhibited an increasing

trend with rising temperature, with values ranging from approximately 1 to 40 mA

for the first three cells and from 350 to 924 mA for the fourth cell, as illustrated in

Figures 8B and 8C. The voltage fluctuations, observed within the initial 48 h of

measurement, can be attributed to a measurement artifact resulting from a shift

in the ambient temperature of the measuring circuitry.

The positive spikes in the float current can be attributed to the decrease in the cell’s

OCV with increasing temperature. According to the Gibbs-Helmholtz relationship,

this decrease in OCV signifies a negative change in entropy during the spontaneous

discharge reaction of the cell.

A

B C

Figure 7. Results of float current measurement

(A) Temporal plot of float current, voltage, and oven temperature for the cell maintained at 3.007 V.

The voltage fluctuations observed during the first approximately 48 h at 25�C are attributed to

temperature changes in the custom measuring hardware.

(B) Measured (dots) and fitted (solid line) float current for the cells maintained at 3.007, 3.014, and

3.005 V with respect to the oven temperature, displayed on linear axes.

(C) Measured and fitted float current for all cells plotted in an Arrhenius plot. Legend for (B) and

(C) is shown in (B). Data points for the first three cells overlap strongly.
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The averaged float current can be reasonably well fitted by an Arrhenius relationship, as

illustrated in Figure 8C.Consequently, for the first three cells operating at approximately

3.01 V, the activation energy associated with the chemical process leading to the cell’s

self-discharge can be estimated as 92G 5 kJ mol�1. Conversely, for the fourth cell oper-

ating at 2.451 V, the activation energy is determined to be 26 kJ mol�1.

The gradual and partially irreversible increase in float current observed in the first

and third cells after approximately 90 h at 55�C suggests a spontaneous and irrevers-

ible degradation of the cells. According to the datasheet of the cell, the maximum

allowable operating temperature for discharge is 55�C. Our findings indicate that

the observed spontaneous temperature-induced degradation limits the lifetime

of the cell at high temperatures. Further investigation is required to fully compre-

hend the precise mechanism underlying this degradation process.

The results shown here demonstrate the applicability of float current analysis on SIBs

similar to LIBs. The measurement of the float current at varying temperature allows

the estimation of the activation energy of the internal self-discharge process and in-

ter-cell comparison of float currents allows for identification of defect cells.

Cyclic aging

In addition to the initial non-destructive anddestructive characterizationmethods the cy-

clic performance of the cylindrical 18650 SIB cell is of great interest. To obtain a first

impression and to explore the performance at its limits, three different combinations

of C-rates were applied at room temperature of z21�C. For the first test 1C CCCV

CH/1C CC DCH cycles (blue, 1C1C) were conducted. For the second one, 3C CCCV

CH/8C CC DCH cycles (orange, 3C8C), and for the third test 5C CCCV CH/8C CC

DCH cycles (red, 5C8C) were conducted. The detailed test procedure is given in the sup-

plemental information as a flow chart (see Figure S5). Each test procedurewas applied to

three cells using a Neware BTS-4000 Series 5V6A (for 1C1C) and 5V12A (for 3C8C and

5C8C) battery testers. The discharge capacity of the periodically repeatedC/2 discharge

capacity test is depicted in Figure 8A. As shown in Figure 8, the capacity increases for all

three test procedures until 400 full equivalent cycles (FECs). For 1C1C the C/2 capacity

continues to increase. After reaching 600 FECs the discharge capacity (3C8C, 5C8C)

starts decreasing linearly. This is confirmed by the C/20 discharge capacity test, as

shown in Figure 8B. The C/20 discharge capacity of the 1C1C cycling test continues

to increase, supporting the measurement of the C/2 discharge capacity. Comparing

the moderate C-rate of 1C1C with aging data of LIBs, this SIB has a very similar cyclic

lifetime as cells with LTO anodes59 or LFP cathodes.60 Similar to the LTO-LIB tested in

Chahbaz et al.,59 this SIB exhibits a capacity loss of less than 5% after 1,000 FECs with

100% depth of discharge (DOD). In contrast, this kind of SIB exceeds the cyclic lifetime

of commonNMC/graphite LIB.61 Exceptionally, special designed cells, for example with

single-crystal NMC as cathode material,61,62 outperform the SIB. As this SIB is consid-

ered a high-power cell, the cell is well comparable with the cyclic lifetime of LTO at

high C-rates.59 Similar to the aging data of the SIB in this work, the cyclic aging data

of Chahbaz et al.59 show the same behavior for moderate and high C-rates at 100%

DOD until 1,000 FECs. After 1,000 FECs the aging behavior of moderate and high

C-rates for both LTO59 and the SIB splits up.

During cycling, the cells in the test procedures 3C8C and 5C8C reachmaximum tem-

peratures of 47�C–52�C and 55�C–60�C, respectively. The temperatures were

measured using a thermal camera (FLIR E-Series). In this context, it is worth

mentioning that all three cells of the 5C8C test procedure suddenly dropped to

0 V after reaching 1,196, 1,255, and 1,273 FECs, respectively. At this state the cells
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have lost less than 5% of their initial capacity. Computed tomography (CT) images of

the cell show that the CID was triggered (see Figure S6).

Until the sudden cell failure, the capacity decay of cells cycles with both 3C8C and

5C8C behave almost identically. Hence, the substantially higher charging current

in the case of the 5C8C protocol does not have a detrimental effect on capacity

retention. This underlines the high-power capabilities of this cell. The earlier failure

of the cells cycled with 5C8C can be attributed to a higher gas generation, possibly

by thermal electrolyte decomposition. This highlights the challenge to overcome the

excessive electrolyte decomposition in commercial SIBs.

In principle, the cyclic aging tests are an inevitable method to determine the cyclic

lifetime. However, the activation of the CID and the low loss of capacity to this state

prevents a profound lifetime analysis.

X-ray microscopy

X-raymicroscopy (XRM) is a powerful tool for assisting battery aging tests and evaluation

due to its non-destructive nature.63 It enables a view inside the cell without the need to

open it. By rotating the sample by 180�–360� a full set of angular pictures is taken. Using
an FDK reconstruction algorithm allows for 3D reconstruction of the investigated sam-

ple.64 After achieving the 3D reconstruction, visual slices can be taken at any point to

picturedefectswithinparticles of how secondaryparticles are agglomerated. Thus, struc-

tural changeson themacro level canbedetectedwhile keeping the cells operational.65 In

contrast to XRMon themicro- andmacro-scale, laboratory nano-computed tomography

(nCT) requiresdirect access to the activematerial. Hence, it is a semi-destructivemethod,

yet it also yields valuable insights into the aging mechanisms of active material on a

particle-scale level.66 Being such a powerful tool, we applied XRM on different scales

to the SIB.
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Figure 8. Discharge capacities for different C-rates plotted over FEC

For each cyclic test (1C CCCV CH/1C CC DCH [blue], 3C CCCV CH/8C CC DCH [orange], and 5C

CCCV CH/8C CC DCH [red]) three cells were tested at room temperature

Following discharge capacities are shown: (A) C/2 discharge capacity, (B) C/20 discharge capacity.
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A Zeiss Xradia 620 Versa was used for micro-computed tomography (mCT) measure-

ments. An X-ray energy of 160 kV and a current of 156 mA was used to analyze the cell.

Figure S6 shows changes of the cell after aging at high current rates (5C8C, as described

above). As seen in the right image of Figure S6, the CID has popped, most likely due to

gas development inside the cell. In addition, the image shows that the cell has expanded

upward despite the steel casing and has even significantly bulged the casing wall due to

pressure increase inside the cell. Moreover, the examination of the unaged cell in mCT

revealed that the general production quality of this cell was not good. Asymmetrical

anode overhangs, as well as bent ends of the anode layers, can already be observed in

the unaged cell. In addition, the cell exhibited unevenly large cross-sections.

Afteropeninga freshcell inaglovebox, theextractedelectrode foilswereexaminedusing

mCT under atmospheric conditions without any further preparation. Figure S7 displays

the results of themCT examination of the anode and cathode. Both foils weremeasured

at 70 kV (10W)with a pixel sizeof 500 nm. In thisway,mCTenables the estimationof elec-

trode layer thicknesses, as well as particle sizes, distributions, and porosity to be made

without any furthermanual effort andwithin an acceptablemeasurement time. Thedeter-

mination of layer thicknesses showed good agreement with previous investigations in

SEM and using micrometer screws. The defects within the anode material seen in the

CT images are likely due to the manual preparation during cell opening and do not

show any production defects.

nCT imaging was conducted using a Zeiss Xradia 810 Ultra nanotomograph. A quasi-

monochromatic photon energy of 5.4 keV was used to study the electrodes at the

particle size level, with a resolution down to 50 nm. The sample preparation for

the nCT was carried out using focused ion beam (FIB) technology, as an approximate

sample volume of 15 mm in diameter is optimal for this resolution. While mCT is used

to examine statistical quantities such as particle size, particle size distribution,

porosity, and major defects, nCT is utilized to investigate features at the particle

scale.66 This includes defects within the particles, the morphology of porosity, and

the binder distribution between particles. A correlative workflow between X-ray mi-

croscopy and electron microscopy allows for the examination of battery cell aging

behavior across the entire length scale, from macro to nano. Figure 9 shows the re-

sults of the nCT examination of the anode and cathode. Initially, in the top left im-

age, the sample preparation using a gallium-FIB is depicted. Sample cylinders are

prepared from the sample surface using the FIB. Subsequently, the freed volumes

are removed from the surface using a micromanipulator and applied to the sample

holder of the nCT (tungsten needle), as shown in themiddle SEM image and as a pro-

jection image within the nCT. The sample volumes prepared in this manner were

then analyzed using phase contrast nanotomography. The phase contrast in the

Zeiss Xradia 810 Ultra allows for the examination of particle and pore volumes,67

as well as the high-resolution investigation of binder structures between the parti-

cles. Figure 9 presents the results of nanotomography for both the cathode and

anode. For the cathode material, both secondary and primary particles can be iden-

tified. Furthermore, defects within the primary particles after aging, as well as the

structures of the secondary particles, can be resolved. The examination of the

morphology of the hard carbon used in the anode reveals a variety of particle shapes

and, in some cases, an inhomogeneous distribution of the binder material. Transfer-

ring these high-resolution results to the findings of the microtomography enables a

cross-scale characterization of aging effects in sodium-ion battery cells.

The application of X-ray microscopy, particularly mCT, and nCT, proved to be an

extremely valuable non-destructive tool for investigating and characterizing aging
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effects in sodium-ion batteries. The technique enabled the collection of detailed

data across various scales, from the full cell down to particle properties at the nano-

meter level. This comprehensive analysis provides critical insights into mechanical

deformations, changes in layer thickness, and particle structures within the cells,

thereby contributing to the development of more durable and efficient battery

systems.

17 μm

SEM Projection Image in NanoCT

NanoCT Cathode NanoCT Anode

NanoCT Cathode 3D NanoCT Anode 3D

A B C

D E

F G

Figure 9. nCT analysis results for the Na-ion anode and cathode

Top left images (A) illustrate sample preparation via FIB; sample cylinders are created using gallium ions and

mounted on nCT’s tungsten needle with a micromanipulator (seen in middle SEM (B) and projection image

(C)). These samples underwent phase contrast nanotomography analysis using a ZEISS Xradia 810 Ultra,

enabling inspection of particle/pore volumes and high-res binder structures. The cathode analysis in (D) and

(F) reveals the representation of secondary and primary particles, defects in primary particles post-aging,

and secondary particle structures. The anode analysis in (E) and (G) shows diverse particle shapes and

occasional uneven binder distribution. Scale bars are 17 mm (C) and 2 mm (D and E).
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Ultrasound

The role of ultrasonic investigations in LIB cell characterization and diagnosis has

been intensively explored in recent years.68–70 In particular, structural changes

within the cell can be detected due to the interaction of the ultrasonic wave with

the cell components. Among others, aging effects, gassing, and electrolyte distribu-

tion can be measured.71 The aim of this section is to demonstrate the transferability

of the measurement method to SIB cells. Ultrasonic measurement devices usually

consist of one or more piezoceramics, which generate a mechanical wave when

excited with an electric pulse. While traveling through the active material, the

wave is attenuated. Furthermore, transmissions and reflections occur when the

acoustic properties of the materials change, for example, at the interface of different

materials in the cell. Transmission and reflection depend on the so-called acoustic

impedances. To measure the transmitted wave at the opposite end of the battery

cell a second piezoceramic is required to convert the mechanical wave into an elec-

trical voltage (see Figure S8A). We investigate whether the materials used in SIBs

have similar properties as those in LIBs regarding ultrasound waves. Furthermore,

we use ultrasonic measurements to analyze changes in aged SIB.

Analogous to Wasylowski et al.71,72 we recorded and compared ultrasound mea-

surements of a pristine cell and a cell with triggered CID. For this purpose, we

selected the cell that was aged with 5C8C. The ultrasonic sensors were attached

to the outer shell of the round cell opposite each other with a constant pressure

setup, which we verified by a force measurement using the sensor Flexiforce A201

manufactured by Tekscan. The setup was identical for both cells. The measurement

signal was bandpass filtered using the same procedure as in Wasylowski et al.71 to

extract the 1 MHz signal component. The measurement results are shown in Fig-

ure S8B. To better compare the results, the absolute value of the Hilbert-transform

is depicted, representing the envelope of the ultrasound signals. It is immediately

visible that the wave’s amplitude through the pristine cell is about 2.57 times larger

than that through the cell with the triggered CID. One explanation for this effect may

be the presence of gas in the cell.71,72 Since gas reflects ultrasonic waves almost

entirely, the portions of the beam diameter covered by gas will not arrive at the

receiver piezoceramic. This suggests that a considerable portion of the cell is filled

with gas but not the entire signal path. The CT images in the section XRM support

this assumption. In conclusion, it has been demonstrated that the applicability of ul-

trasound methods can also be applied to SIBs and that qualitative investigation

regarding the structural state is also possible.

DISCUSSION

We tested a large variety of methods used for LIBs regarding their applicability for

commercial SIBs. These batteries promise lower costs compared with their

lithium-ion counterparts. Indeed, the cathode material of the investigated battery

consists of a high share of iron andmanganese, known as low-cost materials. Surpris-

ingly the anode current collector is made of copper. As sodium does not form an

alloy with aluminum, cheaper aluminum current collectors could be used, as investi-

gated in Rudola et al.73 This would enable further cost reductions.

Using centrifugal electrolyte extraction we were able to extract and analyze the elec-

trolyte. To the best of our knowledge, no analysis of commercially used electrolyte of

sodium ion batters has been published at the time of writing. The electrolyte compo-

sition is a mixture of linear and cyclic carbonates (DMC, EMC, PC, and EC), which is

similar to the electrolyte used in LIBs. GC-MS shows that the electrolyte also contains
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EP, which has been reported as a potential additive or co-solvent, mainly for

improving low-temperature performance for LIBs.19,20,74,75 However, to the best

of our knowledge it has not been used in commercial LIBs. Coin cells assembled us-

ing the extracted electrolyte did not work as expected but showed high fluctuations

in voltage. Nambu et al.19 report that EP is unstable in the presence of lithiummetal.

If a similar reaction would also occur on sodium metal surfaces this could provide an

explanation. Further research is necessary to clarify the reason why the extracted

electrolyte did not work in half-cells. Based on the half-cell data gathered with

EC:PC-based electrolyte we applied the algorithm reported in Li et al.22 to fit the

half-cell data to a full cell. Coin cells with EC:PC (1:1) with NaPF6, which was reported

as ‘‘the best electrolyte’’ in Liu et al.15 yielded usable data, despite large overvolt-

ages. According to Ponrouch et al.17 adding linear carbonates such as DMC can

improve the conductivity of the electrolyte, hence decreasing overvoltages. The

half-cell qOCV curves were fitted to full cell data to obtain the balancing of the fresh

cell. The fitting results show rather different balancing parameters for charge and

discharge. Furthermore, when fitting charging data, the results indicate a small

negative loss of cycleable sodium, which would indicate pre-sodification or the

use of sacrificial salts as reported by Zhang et al.76 and Jo et al.77 Due to the discrep-

ancies of the fitting results we can neither confirm nor dismiss the use of any pre-so-

dification technique for this cell. Further refinement of the half-cell measurement and

subsequent fitting procedures are necessary to confidently estimate the balancing.

Hg-porosimetry, ICP-OES, SEM, EDX, and XRD were applied to characterize the

active material. The particle size calculated based on porosimetry results shows

good agreement with SEM observations. In contrast to intercalated lithium, interca-

lated sodium can be detected with EDX. Thus, the stoichiometric ratio of transition

metals and sodium in the cathode active material can be analyzed using this tech-

nique. This complements established methods such as ICP-OES. We found only

small differences between the ratios when comparing the ICP-OES results of an un-

rinsed sample with the cross-section EDX image. Both methods also revealed minor

shares of calcium. Ca has been reported as a dopant to increase the performance of

layered oxide cathodes in sodium ion batteries.78 XRD was used to investigate the

structure and composition of cathode active material. Even though two reflexes

could not be assigned, the main phase of the cathode material was identified. The

Rietveld refinement is in good agreement with the results of our EDX and ICP-

OES measurements.

Electrical testing confirmed an outstanding C-rate capability. At 5C, z 92% of the

C/20 capacity could be extracted. The voltage-SOC relation is almost linear, facili-

tating SOC estimation. However, a small hysteresis is observed at lower SOCs. EIS

measurements yield similar impedance spectra compared with LIBs. At low SoC,

the impedance increases. Initial quality control measurements of voltage and multi-

sine-EIS reveal a lower voltage and higher impedance for some cells. Float current

measurements confirm an increased self-discharge current of these cells.

Cyclic aging of the batteries under high rates of up to 5C charge and 8C discharge

leads to minor capacity fade. However, a pressure increase inside the cells triggered

the CID, causing the test to stop abruptly. Ultrasonic measurements indicate sub-

stantial gassing in the affected cells. During cycling, cells exhibit fairly high temper-

atures, which might accelerate side reactions. The float current measurement re-

vealed a non-reversible increase in float current after storing the cells at 55�C,
which is in the same order of magnitude as the maximum surface temperature of

the cells during cycling. Cells cycled with 3C8C and 5C8C behave very similar in
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terms of the capacity. Thus, we can reject a strong influence of the charging current

on capacity fade. We attribute the earlier triggering of the CID in the case of the

5C8C cells to an increased temperature of the cell. Further research is necessary

to investigate whether high temperatures are indeed as detrimental to the lifetime

of this sodium-ion cell as suggested by our data.

In this paper, we present an extensive multi-method characterization of a commer-

cial 1.2 Ah 18650 SIB cell for the first time. We investigated the electrolyte compo-

sition, identified the composition and structure of the cathode active material, and

successfully applied float current measurements to obtain valuable information on

the thermal stability of this sodium-ion battery. Our ultrasonic measurements com-

plement the float current results by confirming gassing as a major issue during cyclic

aging. These results can support further research and development on the applica-

tion of SIBs.

In addition, we outline the transferability of a wide variety of characterization

methods used for LIBs to commercial SIBs. Imaging methods, such as SEM and

XRM, can be applied to SIBs without challenges. Analytical methods such as Mercury

porosimetry, ICP-OES, EDX, and XRD can also be applied to SIBs. The Mercury po-

rosimetry successfully provides insights on the pore sizes of the anode and cathode

as well as on the particle diameters. This is in agreement with the SEM cross-sections.

ICP-OES and EDX measurements are in agreement with the XRD experiment and

confirmed an occupancy of the Mn=Fe=Ni with a 1:1:1 ratio within the cathode’s

layered structure of alternating metal and oxygen layers. This high share of Fe and

Mn enables a low-cost SIB as the price of the cell indicates (cf. Table 1). While the

aforementioned analytical methods show a good transferability to commercial

SIBs, fitting of cell balancing poses a challenge due to the shape of the OCV curve

of the hard carbon anode and high overpotentials related to the electrolyte as pre-

sented in the discussion. Despite the challenges in the fitting process of the cell

balancing, its principal can be applied to fit the full cell qOCV. The qOCV of the com-

mercial SIB cell investigated in this work exhibits a steep OCV (SoC) curve, providing

favorable conditions for the transfer of diagnostic algorithms from established LIB

cells to this SIB cell. However, the presence of a hysteresis in the lower SoC range

will present a challenge for estimating the remaining energy as outlined in Quade

et al.54

Furthermore, certain concerns pointing toward potential limitations in lifespan un-

der high-temperature conditions were also identified: storage at temperatures

above 50�C caused a persistent increase in float current, and cells at high C-rates

with substantial heating suffered from an increase of internal pressure causing the

CID to interrupt the electrical connection. By utilizing the testing methods of XRD

and ultrasonic measurements, we can confidently state that the premature defect

of these cells was triggered by excessive gas generation. However, the precise

mechanisms underlying these gassing reactions necessitate additional research

and focused investigation with special regard to the electrolyte and its electrochem-

ical stability at elevated temperature. Nonetheless, the detrimental effect of sub-

stantially higher charging currents (up to 5C) on the capacity retention before

the sudden cell failure by pressure-induced CID activation has to be highlighted.

This underlines the high-power capabilities of this cell, showing that this early

commercial SIB cell effectively bridges a gap that other cell types, as stated by

ENPOLITE,9 are unable to fill. Overcoming the challenges of thermal-induced

electrolyte decomposition, this SIB cell is an ideal solution for high-power

applications.
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Our research shows that SIBs are not only a drop in replacement in terms of production

facilities as already reported in the literature,7 but can also benefit from the established

know-how regarding multiple methods for cell characterization. As SIB cells are still

considered a relatively new technology, further advancements in performance charac-

teristics can be anticipated. The findings of this publication demonstrate that such prog-

ress is not impeded thanks to the high degree of transferability observed in most char-

acterization methods. This suggests that ongoing research and development efforts

have the potential to unlock evenmore significant improvements in SIB cell performance

and fast deployment of SIBs on the European and world-wide markets.

In conclusion, revealing the electrolyte composition and identifying anode and cath-

ode active material structure and composition confirms a reasonable transferability

of various characterizationmethods to SIBs. In addition we present valuable informa-

tion on thermal stability obtained by float current measurements, and identify

gassing as a major issue during cyclic aging. Thereby, we provide insights into the

state-of-the-art of a commercially available SIB and provide valuable information

for system design and further optimization.
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Junker, M., and Sauer, D.U. (2022). Data-driven
systematic parameter identification of an
electrochemical model for lithium-ion batteries
with artificial intelligence. Energy Storage
Mater. 44, 557–570. https://doi.org/10.1016/j.
ensm.2021.10.023. https://www.sciencedirect.
com/science/article/pii/S2405829721004864.

23. Junker, M., Zhang, J., and Sauer, D.U. (2022).
Prediction of Loss of Lithium Caused by Anode

ll
OPEN ACCESS

Cell Reports Physical Science 5, 101945, May 15, 2024 25

Article

https://doi.org/10.1016/j.joule.2017.08.019
https://doi.org/10.1016/j.joule.2017.08.019
https://linkinghub.elsevier.com/retrieve/pii/S2542435117300442
https://linkinghub.elsevier.com/retrieve/pii/S2542435117300442
https://linkinghub.elsevier.com/retrieve/pii/S2542435117300442
https://pubs.rsc.org/en/content/articlelanding/2021/ta/d1ta00376c.10.1039/D1TA00376C;publisher:TheRoyalSocietyofChemistry
https://pubs.rsc.org/en/content/articlelanding/2021/ta/d1ta00376c.10.1039/D1TA00376C;publisher:TheRoyalSocietyofChemistry
https://pubs.rsc.org/en/content/articlelanding/2021/ta/d1ta00376c.10.1039/D1TA00376C;publisher:TheRoyalSocietyofChemistry
https://pubs.rsc.org/en/content/articlelanding/2021/ta/d1ta00376c.10.1039/D1TA00376C;publisher:TheRoyalSocietyofChemistry
https://natron.energy/wp-content/uploads/natron_collateral_BluePack_Industrial_Power_Battery_021723.pdf
https://natron.energy/wp-content/uploads/natron_collateral_BluePack_Industrial_Power_Battery_021723.pdf
https://natron.energy/wp-content/uploads/natron_collateral_BluePack_Industrial_Power_Battery_021723.pdf
https://amtepower.com/amte-power-gets-first-un-testing-for-sodium-cell/
https://amtepower.com/amte-power-gets-first-un-testing-for-sodium-cell/
https://amtepower.com/amte-power-gets-first-un-testing-for-sodium-cell/
https://cnevpost.com/2023/04/20/catl-byd-sodium-ion-batteries-mass-production-this-year-report/
https://cnevpost.com/2023/04/20/catl-byd-sodium-ion-batteries-mass-production-this-year-report/
https://cnevpost.com/2023/04/20/catl-byd-sodium-ion-batteries-mass-production-this-year-report/
https://batteriesnews.com/hina-battery-becomes-1st-battery-maker-put-sodium-ion-batteries-evs-china/
https://batteriesnews.com/hina-battery-becomes-1st-battery-maker-put-sodium-ion-batteries-evs-china/
https://batteriesnews.com/hina-battery-becomes-1st-battery-maker-put-sodium-ion-batteries-evs-china/
https://doi.org/10.1088/2515-7655/ac01ef
https://doi.org/10.1088/2515-7655/ac01ef
https://doi.org/10.1515/9783110749069
https://doi.org/10.1021/acsenergylett.1c00743
https://doi.org/10.1021/acsenergylett.1c00743
https://doi.org/10.1149/2.0331816jes
https://doi.org/10.1149/2.0331816jes
https://iopscience.iop.org/article/10.1149/2.0331816jes
https://iopscience.iop.org/article/10.1149/2.0331816jes
https://doi.org/10.1149/2.0541509jes; publisher: IOP Publishing
https://doi.org/10.1149/2.0541509jes; publisher: IOP Publishing
https://iopscience.iop.org/article/10.1149/2.0541509jes/meta
https://iopscience.iop.org/article/10.1149/2.0541509jes/meta
https://doi.org/10.1016/j.supflu.2014.07.014
https://doi.org/10.1016/j.supflu.2014.07.014
https://www.sciencedirect.com/science/article/pii/S0896844614001934
https://www.sciencedirect.com/science/article/pii/S0896844614001934
https://www.sciencedirect.com/science/article/pii/S0896844614001934
https://doi.org/10.1002/ente.201801081
http://refhub.elsevier.com/S2666-3864(24)00194-2/sref16
http://refhub.elsevier.com/S2666-3864(24)00194-2/sref16
http://refhub.elsevier.com/S2666-3864(24)00194-2/sref16
http://refhub.elsevier.com/S2666-3864(24)00194-2/sref16
https://doi.org/10.1002/cey2.120
http://xlink.rsc.org/?DOI=D0CP03639K.10.1039/D0CP03639K
http://xlink.rsc.org/?DOI=D0CP03639K.10.1039/D0CP03639K
https://pubs.rsc.org/en/content/articlelanding/2013/ee/c3ee41379a.10.1039/C3EE41379A;publisher:TheRoyalSocietyofChemistry
https://pubs.rsc.org/en/content/articlelanding/2013/ee/c3ee41379a.10.1039/C3EE41379A;publisher:TheRoyalSocietyofChemistry
https://pubs.rsc.org/en/content/articlelanding/2013/ee/c3ee41379a.10.1039/C3EE41379A;publisher:TheRoyalSocietyofChemistry
https://pubs.rsc.org/en/content/articlelanding/2013/ee/c3ee41379a.10.1039/C3EE41379A;publisher:TheRoyalSocietyofChemistry
https://doi.org/10.1002/advs.202201207
https://doi.org/10.1002/advs.202201207
https://doi.org/10.5796/electrochemistry.80.746
https://doi.org/10.5796/electrochemistry.80.746
https://www.jstage.jst.go.jp/article/electrochemistry/80/10/80_12-4-E50726/_article
https://www.jstage.jst.go.jp/article/electrochemistry/80/10/80_12-4-E50726/_article
https://www.jstage.jst.go.jp/article/electrochemistry/80/10/80_12-4-E50726/_article
https://doi.org/10.1007/s11581-009-0413-6
https://doi.org/10.1149/2.0961712jes; publisher
https://doi.org/10.1149/2.0961712jes; publisher
https://iopscience.iop.org/article/10.1149/2.0961712jes/meta
https://iopscience.iop.org/article/10.1149/2.0961712jes/meta
https://doi.org/10.1016/j.ensm.2021.10.023
https://doi.org/10.1016/j.ensm.2021.10.023
https://www.sciencedirect.com/science/article/pii/S2405829721004864
https://www.sciencedirect.com/science/article/pii/S2405829721004864


Overhang Effects - Model Validation and
Parameter Study. https://doi.org/10.13140/RG.
2.2.34154.18884.

24. Escher, I., A. Ferrero, G., Goktas, M., and
Adelhelm, P. (2022). In Situ (Operando)
Electrochemical Dilatometry as a Method to
Distinguish Charge Storage Mechanisms and
Metal Plating Processes for Sodium and
Lithium Ions in Hard Carbon Battery
Electrodes. Adv. Mater. Interfac. 9, 2100596.
https://doi.org/10.1002/admi.202100596.

25. Bommier, C., Leonard, D., Jian, Z., Stickle,
W.F., Greaney, P.A., and Ji, X. (2016). New
Paradigms on the Nature of Solid Electrolyte
Interphase Formation and Capacity Fading of
Hard Carbon Anodes in Na-Ion Batteries. Adv.
Mater. Interfac. 3, 1600449. https://doi.org/10.
1002/admi.201600449.

26. Li, W., Chen, J., Quade, K., Luder, D., Gong, J.,
and Sauer, D.U. (2022). Battery degradation
diagnosis with field data, impedance-based
modeling and artificial intelligence. Energy
Storage Mater. 53, 391–403. https://doi.org/10.
1016/j.ensm.2022.08.021. https://www.
sciencedirect.com/science/article/pii/
S2405829722004500.

27. Hess, M. (2013). Kinetics and Stage Transitions
of Graphite for Lithium-Ion Batteries (ETH
Zurich). https://www.research-collection.ethz.
ch/handle/20.500.11850/74041.10.3929/ethz-
a-010000442;accepted:2017-08-17T07:37:02Z.

28. Paarmann, S., Schuld, K., andWetzel, T. (2022).
Inhomogeneous Aging in Lithium-Ion Batteries
Caused by Temperature Effects. Energ. Tech. 10,
2200384. https://doi.org/10.1002/ente.
202200384.

29. Bai, Y., Liu, Y., Li, Y., Ling, L., Wu, F., and Wu, C.
(2017). Mille-feuille shaped hard carbons derived
from polyvinylpyrrolidone: Via environmentally
friendly electrostatic spinning for sodium ion
battery anodes. RSC Adv. 7, 5519–5527. https://
doi.org/10.1039/C6RA27212F.

30. Yang, B.,Wang, J., Zhu, Y., Ji, K.,Wang,C., Ruan,
D., and Xia, Y. (2021). Engineering hard carbon
with high initial coulomb efficiency for practical
sodium-ion batteries. J. Power Sources 492,
229656. https://doi.org/10.1016/j.jpowsour.
2021.229656. https://www.sciencedirect.com/
science/article/pii/S0378775321002007.

31. Waldmann, T., Ghanbari, N., Kasper, M., and
Wohlfahrt-Mehrens, M. (2015). Correlations
between Electrochemical Data and Results
from Post-Mortem Analysis of Aged Lithium-
Ion Batteries. J. Electrochem. Soc. 162, A1500–
A1505. https://doi.org/10.1149/2.0411508jes;
publisher: IOP Publishing. https://iopscience.
iop.org/article/10.1149/2.0411508jes/meta.

32. Fuchs, G., Willenberg, L., Ringbeck, F., and
Sauer, D.U. (2019). Post-Mortem Analysis of
Inhomogeneous Induced Pressure on
Commercial Lithium-Ion Pouch Cells and Their
Effects. Sustainability 11, 6738.
Multidisciplinary Digital Publishing Institute.
https://doi.org/10.3390/su11236738. https://
www.mdpi.com/2071-1050/11/23/6738.

33. Takahashi, K., and Srinivasan, V. (2015).
Examination of Graphite Particle Cracking as a
Failure Mode in Lithium-Ion Batteries: A
Model-Experimental Study. J. Electrochem.
Soc. 162, A635–A645. IOP Publishing. https://
doi.org/10.1149/2.0281504jes; publisher.

https://iopscience.iop.org/article/10.1149/2.
0281504jes/meta.

34. Kuntz, P., Raccurt, O., Azaı̈s, P., Richter, K.,
Waldmann, T., Wohlfahrt-Mehrens, M., Bardet,
M., Buzlukov, A., and Genies, S. (2021).
Identification of Degradation Mechanisms by
Post-Mortem Analysis for High Power and High
Energy Commercial Li-Ion Cells after Electric
Vehicle Aging. Batteries 7, 48. Multidisciplinary
Digital Publishing Institute. https://doi.org/10.
3390/batteries7030048; number: 3 Publisher.
https://www.mdpi.com/2313-0105/7/3/48.

35. Waldmann, T., Wilka, M., Kasper, M.,
Fleischhammer, M., and Wohlfahrt-Mehrens,
M. (2014). Temperature dependent ageing
mechanisms in Lithium-ion batteries – A Post-
Mortem study. J. Power Sources 262, 129–135.
https://doi.org/10.1016/j.jpowsour.2014.03.
112. https://www.sciencedirect.com/science/
article/pii/S0378775314004352.

36. Thompson, A. (2001). X-Ray Data Booklet
(Lawrence Berkeley National Laboratory,
University of California).

37. Jankowski, P., Lindahl, N., Weidow, J.,
Wieczorek, W., and Johansson, P. (2018).
Impact of Sulfur-Containing Additives on
Lithium-Ion Battery Performance: From
Computational Predictions to Full-Cell
Assessments. ACS Appl. Energy Mater. 1,
2582–2591. https://doi.org/10.1021/acsaem.
8b00295.

38. Tong, B., Song, Z., Wan, H., Feng, W., Armand,
M., Liu, J., Zhang, H., and Zhou, Z. (2021).
Sulfur-containing compounds as electrolyte
additives for lithium-ion batteries. InfoMat 3,
1364–1392. https://doi.org/10.1002/inf2.12235.

39. Wu, Z., Li, S., Zheng, Y., Zhang, Z., Umesh, E.,
Zheng, B., Zheng, X., and Yang, Y. (2018). The
Roles of Sulfur-Containing Additives and Their
Working Mechanism on the Temperature-
Dependent Performances of Li-Ion Batteries.
J. Electrochem. Soc. 165, A2792–A2800. https://
doi.org/10.1149/2.0331811jes. https://iopscience.
iop.org/article/10.1149/2.0331811jes.

40. Singh, V.K., Singh, S.K., Gupta, H., Shalu, Balo,
L., Tripathi, A.K., Verma, Y.L., and Singh, R.K.
(2018). Electrochemical investigations of
Na0.7CoO2 cathode with PEO-NaTFSI-
BMIMTFSI electrolyte as promisingmaterial for
Na-rechargeable battery. J. Solid State
Electrochem. 22, 1909–1919. https://doi.org/
10.1007/s10008-018-3891-5.

41. Fondard, J., Irisarri, E., Courrèges, C., Palacin,
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